Objective. The objective of this study is to explore the relationships of the effects of CYP2C19 and PON1 Q192R polymorphism on the activity of clopidogrel and the risk of high platelet responsiveness (HPR) by thrombelastography in patients with acute coronary syndrome (ACS). Methods. 459 ACS patients with aspirin and clopidogrel were enrolled in this observational case control study from July 13, 2015, to November 11, 2017. The patients with <30% platelet inhibition were defined as HPR group, while the others were defined as normal platelet responsiveness (NPR) group. The genotypes distribution between the groups was assessed, and the clinical impact of genetic variants was investigated by comparing the relationship between the risk of HPR and genotypes including CYP2C19 * 2, CYP2C19 * 3, CYP2C19 * 17, ABCB1, and PON1. Results. Compared with CYP2C19 * 1/ * 1 wild type carriers, CYP2C19 * 2 and * 3 carriers showed a significant association with the lower platelet inhibition (P=0.048). The platelet inhibition in carriers of at least one CYP2C19 loss-of-function (LOF) alleles was obviously higher than noncarriers (P=0.031). The platelet inhibition of PON1 192R carriers was lower than PON1 192Q carriers (P=0.044). Patients with the CYP2C19 * 2 and * 3 alleles had a greater risk of HPR than CYP2C19 wild type carriers (adjusted P=0.018 and adjusted P=0.005). At least one PON1 192R carrier predicted a significantly higher risk of HPR than PON1 192Q carriers (adjusted P=0.021). Individual CYP2C19 * 17 and ABCB1 variants did not differ significantly between the two groups. Conclusions. CYP2C19 and PON1 Q192R variants influence ADP-induced platelet inhibition by thrombelastography (TEG) in ACS patients with clopidogrel. In addition, both LOF CYP2C19 and PON1 192R variants are independent risk factors of HPR, which is measured by the relative platelet inhibition.
Introduction
Dual antiplatelet therapy with aspirin and clopidogrel has been routinely recommended in patients with acute coronary syndrome (ACS) to prevent atherothrombotic events [1, 2] . However, there are significant interindividual differences in antiplatelet effect and response to clopidogrel. Recent studies have showed that about 4%-30% of patients with the routine dose of clopidogrel cannot achieve the expected antiplatelet response [3] . This phenomenon is defined as high platelet responsiveness (HPR), and HPR has been linked to ischemic events such as death, reinfarction, or stent thrombosis [4] .
Clopidogrel, an inactive prodrug, is converted into the active metabolite by two biotransformation steps. This active metabolite can irreversibly inhibit the ADP P2Y12 receptor [5] . There are many mechanisms leading to a poor response to clopidogrel, including lack of compliance, obesity, diabetes mellitus, and gene polymorphism. There is growing evidence that the cytochrome P450 2C19 (CYP2C19) is a key enzyme in the metabolization. And genes associated with CYP2C19 enzyme are expressed polymorphically. Some of CYP2C19 variants, including CYP2C19 * 2 and * 3, are considered lossof-function (LOF) alleles of CYP2C19 because they decrease the activity of enzyme. And the LOF alleles have been associated with higher platelet aggregation induced by adenosine diphosphate (ADP) [6] [7] [8] [9] . The gain-of-function allele CYP2C19 * 17 has been associated with ultrarapid metabolic enzyme activity. Moreover, ACS patients carrying LOF variant alleles have an increased risk of atherothrombotic events [10, 11] .
In addition, there are other genes that may also affect the antiplatelet activity of clopidogrel. Some of them participate in absorption and bioactivation of clopidogrel. Paraoxonase-1 (PON1) has been considered to be a significant enzyme in the second step metabolism of clopidogrel. PON1 Q192R polymorphism is related with the wide variation of paraoxonase activity. Patients carrying PON1 Q showed lower PON1 activity and a higher risk of stent thrombosis than PON1 R [12, 13] . Unlike CYP2C19 * 2 or * 3, the effect of PON1 on the response to clopidogrel was still controversial due to negative results of PON1 Q192R from some studies [14] [15] [16] [17] [18] . ATP-binding cassette B1 (ABCB1) may be involved in drug resistance by decreasing absorption of clopidogrel through intestinal endothelial membrane.
By now, the allele frequency of CYP2C19 * 2 was much higher in the Asian population (35%) than Africans and Caucasians (15%) [19] . Therefore, the prevalence of HPR due to LOF CYP2C19 alleles might be particularly higher in the Asian population. The polymorphisms of CYP2C19 played a partial role in response variability to clopidogrel therapy even though it is common in the Asian population. The genetic polymorphisms of other genes, including PON1 (Q192R) and ABCB1 (C3435T), remain controversial in the Asian population [20] .
The aim of our study is to further evaluate the contribution of CYP2C19 polymorphisms and still controversial gene polymorphisms of PON1 and ABCB1 in Chinese ACS patients undergoing percutaneous coronary intervention. And we applied a new platelet function test thrombelastography (TEG) to explore the relevance between gene polymorphisms and platelet responsiveness.
Methods
. . Study Population. ACS patients admitted to the Anzhen Hospital of Capital Medical University from July 13, 2015, to November 11, 2017, were enrolled in our observational case control study. The study had been approved by the Medical Clinical Research Ethics Committee of Being Anzhen Hospital. According to the American Heart Association/American College of Cardiology (AHA/ACC) criteria, the diagnosis of ACS included unstable angina (UA), non-ST segment elevation myocardial infarction (NSTEMI), and ST-elevation myocardial infarction (STEMI). Consecutive patients were assessed for eligibility for enrollment based on the following inclusion criteria: are more than 18 years old and had received 100mg aspirin daily and 75mg clopidogrel daily for at least 3 days. The exclusion criteria were as follows: contraindication to clopidogrel or aspirin, active bleeding or bleeding diseases, hematologic disorder, severe hepatic or renal insufficiency (Ccr < 30 mL/min), total platelet count less than 100×10 9 /L, and concomitant administration of other antiplatelet or anticoagulation agents.
. . romboelastograph with Platelet Mapping. Blood was collected at least 3 days after the administration of the first clopidogrel 75mg. These samples were sent to the laboratory and TEG test was performed within 2 hours by Hemostasis Analyzer (Haemoscope, USA). Modified TEG test utilized four channels to detect effects of antiplatelet activity via arachidonic acid (AA) and adenosine diphosphate (ADP) activators. The platelet inhibition rate of clopidogrel was calculated: [(MA THROMBIN -MA ADP )/(MA THROMBIN -MA FIBRIN )]×100%, where MA ADP is the ADP-induced clot strength (which inhibits the ADP pathway of platelet activation), MA FIBRIN is the fibrin-induced clot without platelet activation (measurement of fibrin contribution), and MA THROMBIN is the thrombin-induced clot strength (maximum platelet activation). Low response to clopidogrel was defined as ADP-induced platelet inhibition rate of less than 30% [21] .
. . Genotype Testing. Genome DNA was extracted from leucocytes of peripheral blood and stored in 3ml ethylenediaminetetraacetic acid-anticoagulated vacuum tubes. The following 5 single-nucleotide polymorphisms (SNPs) were selected: CYP2C19 * 2 (rs4244285), CYP2C19 * 3 (rs4986893), CYP2C19 * 17 (rs12248560), ABCB1 (rs1045642), and PON1 (rs662). Fluorescence in situ hybridization was used for SNP genotyping with the fluorescence detector (TL988A, Xi'an TianLong). The whole process was conducted according to the manufacturer's instructions.
. . Statistical Analysis. All statistical analyses were performed with SPSS 17.0. The Kolmogorov-Smirov testing method was used to assess whether continuous data were normal distribution or not. And continuous data of normal distribution were presented as means±SD, and categorical data were presented as counts and percentages. The frequency of genotypes was classified as the presence of 0, 1, or 2 variant alleles. All SNPs in our study were tested for deviation from Hardy-Weinberg equilibrium with chi-square test. Each of genotypes was analyzed by the ANOVA test, and the intergroup difference was compared by chi-square test. Confounding factors were adjusted by logistic regression analysis. Results were expressed as odds ratio (OR), along with 95% confidence intervals (CI). A two-sided p<0.05 was considered as statistical significance.
Results

. . Characteristics of the Patients.
A total of 459 eligible Chinese patients with ACS were enrolled (303 UA, 66 NSTEMI, and 90 STEMI). All patients were divided into two groups according to ADP-induced platelet inhibition rate. And ADPinduced platelet inhibition rate of less than 30% is defined as HPR group, while others are normal platelet responsiveness (NPR) group. 275 patients were categorized as HPR group, and 184 were categorized as NPR group. The mean age of all patients was 59.6. The basic data of two groups are showed in Table 1 . There were no significant differences among age, body mass index (BMI), incidence of hypertension, diabetes mellitus (DM), dyslipidemia, previous PCI, current smoking, PCI due to ACS, and concomitant medications between the two groups. Meanwhile, the male had the lower risk of poor response to clopidogrel than female (P<0.001).
. . Genotypes Distribution. Genotype distribution and allele frequencies of the genetic variations were showed in Table 2 . All genotype distribution was coincident with HardyWeinberg equilibrium. Among the 459 patients, 50.3% of them were CYP2C19 * 2 carriers (39.2% heterozygote and 11.1% homozygote), 9.4% were CYP2C19 * 3 carriers (no homozygote), 2.6% were CYP2C19 * 17 carriers (2.4% heterozygote and 0.2% homozygote), 86.2% were carriers of PON1 Q192R (48.1% heterozygote and 38.1% homozygote) and 63.4% had at least one ABCB1 T (49.5% heterozygote and 13.9% homozygote).
. . Genetic Influence on Platelet Inhibition Rate. Figure 1 showed the correlation between several genotypes and ADP-induced platelet inhibition by TEG. Patients with CYP2C19 * 1/ * 2 had lower platelet inhibition than CYP2C19 * 1/ * 1(35.66±25.74 vs. 41.33±23.92, P=0.042). There was no statistically significant difference between platelet inhibition of CYP 2C19 * 2/ * 2, 1/ * 3 and CYP2C19 * 1/ * 1, but CYP 2C19 * 2/ * 2, 1/ * 3 showed a trend of lower platelet inhibition. Moreover, carriers of at least one LOF CYP2C19 allele ( * 1/ * 2, * 1/ * 3, * 2/ * 2, and * 2/ * 3) showed obviously lower platelet 
. . Correlation between Genotypes and Platelet Inhibition.
There was substantial individual variability in ADP-induced platelet inhibition by TEG. According to previous reported studies, the defined cutoff value for HPR was as 30% platelet inhibition. The patients who were <30% platelet inhibition were defined as HPR group, while the others were defined as NPR group. There were 275 patients (53.4%) in HPR group. Logistic regression model was applied to adjust confounding factor of gender. The relationship between genotypes and platelet inhibition was showed in Table 3 . CYP2C19 * 1/ * 2 and * 1/ * 3 had a higher risk of HPR than CYP2C19 * 1/ * 1 (adjusted OR=1.607; 95%CI 1.087-2.378, P=0.018, and adjusted OR=1.483; 95%CI 1.125-1.956, P=0.005). The carriers with at least one LOF CYP2C19 alleles also showed a significant greater risk of HPR than noncarriers (adjusted OR=1.846; 95%CI 1.243-2.741, P=0.002). The patients with 
Discussion
The recent studies provided reliable evidence that LOF CYP2C19 alleles were related with a higher risk of HPR and increased adverse cardiovascular events in ACS patients Cardiovascular Therapeutics with aspirin and clopidogrel [22, 23] . The prevalence of the genotype variations in the present study was a representative of Chinese population. The frequency of CYP2C19 * 2 was significantly higher in the Asian population than other populations. CYP2C19 * 3 was significantly higher than in the Caucasian population. Furthermore, the frequency of CYP2C19 * 17 in Chinese population was far lower than that reported in Caucasians and Ethiopians. As we know, most studies evaluated the platelet function by monitoring platelet aggregation, a traditional measure of platelet function. We applied a new platelet function monitoring method to explore the influence of clopidogrel genotypes in platelet responsiveness. TEG platelet mapping assay enables achieving quantitative analysis of platelet function and has low analytical variation and better reproducibility than traditional platelet aggregation tests such as LTA and VerifyNow. In fact, there is a better correlation between the paired parameters evaluated by VerifyNow P2Y12 and the gold standard LTA, at the levels of both clopidogrel and aspirin responses, than TEG [24, 25] . But TEG is a reliable test of clotting responses to antiplatelet therapy with minimal intra-and interindividual variability. It can provide a graphic record of the physical shape of a clot during fibrin formation and subsequent lysis which was widely used in China. Moreover, TEG can provide a good correlation with ischemic cardiovascular events [26, 27] . Thus, we considered TEG could provide reliable results of the platelet function. A previous research demonstrated that ADP-induced platelet inhibition <30% could predict the combined ischemic outcome in patients with clopidogrel [21] . Thus, in this study, we defined 30% as the cutoff of HPR.
CYP2C19 is an important enzyme of the CYP family that converts clopidogrel into an active metabolite. LOF CYP2C19 alleles decrease enzymatic activities. The CYP2C19 * 2 variant, caused by single base exchange exon 5, results in a splice site defect, therefore leading to clopidogrel resistance [28] . The CYP2C19 * 3 variant, located within exon 4, leads to the formation of a premature stop codon and the synthesis of aberrant nonfunctional CYP2C19 protein [29] . CYP2C19 * 2 and * 3 are the most common LOF variants. The CYP2C19 * 17 variant is located in the promoter region and there is evidence that it is associated with increased gene expression and enhanced clopidogrel effect [30] . And CYP2C19 * 17 is the most frequent gain-of-function allele in Chinese ACS patients. Thus, our study covered the three variant alleles. CYP2C19 * 2 allele was significantly associated with lower platelet inhibition, which is in accordance with previous studies. But we failed to show a significant association in CYP2C19 * 3 allele because of the small sample size (n=43). However, we found gender is a relevant factor of HPR and we adjusted gender by cox logistic regression test. We demonstrated an obviously higher risk of HPR in CYP2C19 * 3 allele and at least one LOF CYP2C19 allele than CYP2C19 * 1/ * 1 after adjustment of gender. This result warned us that combined effect of CYP2C19 * 2 and * 3 should be considered when using clopidogrel; otherwise we might ignore the influence of CYP2C19 * 3. In the addition, we did not demonstrate a significant association between the CYP2C19 * 17 and platelet inhibition or the risk of HPR because of a few populations of CYP2C19 * 17 (n=12).
Some recent studies suggested that PON1 might be a significant enzyme that catalyzed the biotransformation of clopidogrel into its active metabolite, and PON1 Q192R genotypes were associated with platelet response to clopidogrel [14, 31] . However, several subsequent studies failed to replicate the influence of PON1 Q192R genotypes on platelet responsiveness, in which platelet function was evaluated by platelet aggregation tests [15, 16] . The influence of PON1 remains controversial. It has been reported that HPR defined by platelet aggregation tests was related with atherothrombotic disease [21, 22] . But relative platelet inhibition provides a novel and repeatable measure of monitoring clopidogrel responsiveness. Our study indicated PON1 192R is a risk factor for clopidogrel resistance, which is different from the previous studies. As we know, PON1 Q192R polymorphism accounts for the paraoxonase activity in serum, and PON1 192Q allele exhibits lower paraoxonase activity. However, it has been proposed that although carrying PON1 192Q allele exhibits low paraoxonase activity, its activity may be enough to efficiently metabolize clopidogrel to its final active metabolite [32] . Although PON1 is involved in the second step metabolism of clopidogrel, the metabolite of PON1 is a minor isomer instead of the active metabolite product of clopidogrel. Thus, PON1 192Q may not be an important factor in platelet function and clopidogrel. In addition, the frequency of the PON1 192Q allele in Chinese patients is relatively lower than in Caucasians. Some previous studies showed that PON1 192Q carriers had a higher risk of major adverse cardiac events (MACE) than PON1 192R. A study by Ferretti G et al. showed that an increase in activity of paraoxonase was related with a lipid-independent clinical benefit to prevent cardiovascular outcomes [33] . Therefore, we considered that this influence of the PON1 genotype may be a clopidogrel-unrelated influence including potential antioxidant and atheroprotective effects of Q192R, which has been demonstrated in some vitro studies [34] .
A large number of clinical studies have demonstrated the critical role of the CYP2C19 * 2 allele on clopidogrel responsiveness and increased risk for cardiovascular ischemic events in patients with stenting [10, 11] . ARMYDA-PRO study showed that high pre-PCI platelet reactivity might predict 30-day events, and pre-PCI platelet reactivity levels in the fourth quartile were associated with 6-fold increased risk of 30-day MACE (OR=6.1; 95%CI 1.1-18.3, p=0.033). Tang XF et al. demonstrated that HPR measured by LTA and TEG was significantly associated with MACE in Chinese patients [35] .
As other observational studies, this study also had inherent limitations. First, the observational study may have the risk of selection bias. And ischemic cardiovascular events were not the major outcome in our research, with an alternative outcome TEG. Moreover, this study was single center; a larger sample and long-term follow-up should be considered in our future study. Furthermore, there is no HPR risk assessment in CYP2C19 * 3/ * 3 and CYP2C19 * 17/ * 17 because of the small sample size.
What Is New and Conclusion
In conclusion, CYP2C19 and PON1 Q192R genotypes influence ADP-induced platelet inhibition by TEG in ACS patients with clopidogrel. In addition, LOF CYP2C19 alleles and PON1 192R genotypes are independent risk factors of HPR, which is measured by the relative platelet inhibition.
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